Rationale Although the subjective effects of caffeine abstinence, acute and chronic administration, and tolerance are well described, the corresponding neurophysiological effects are not. Objectives Caffeine withdrawal, acute caffeine effects, caffeine tolerance, and net beneficial effects of chronic caffeine administration were investigated using cerebral blood flow velocity, quantitative electroencephalography (EEG), and subjective effects. Materials and methods Sixteen regular caffeine users participated in this double-blind, within-subject study during which they received acute caffeine and placebo challenges (1) while maintained on 400 mg caffeine daily for ≥14 days and (2) while maintained on placebo for ≥14 days. Blood flow velocity was determined for the middle (MCA) and anterior (ACA) cerebral arteries using pulsed transcranial Doppler sonography. EEG was recorded from 16 scalp sites. Subjective effects were assessed with questionnaires.
ty concentrating (Griffiths and Woodson 1988; Juliano and Griffiths 2004) . However, while caffeine withdrawal has been well documented, it is less clear what neurophysiological changes occur following caffeine administration and withdrawal and if these changes occur in conjunction with mood alterations. Change in cerebral blood flow is a readily measurable neurophysiological effect that may be relevant to caffeine withdrawal because acute caffeine administration decreases cerebral blood flow velocity (Cameron et al. 1990; Debrah et al. 1995) . It has been widely speculated that the headache often associated with caffeine withdrawal is related to rebound dilatation of cerebral vasculature, possibly because of increased sensitivity to circulating adenosine which is a potent cerebral vasodilator (e.g., Muhonen et al. 1995) . Indeed, increased cerebral blood flow has been demonstrated in several studies comparing acute caffeine abstinence with a preceding baseline condition (Mathew and Wilson 1985; Couturier et al. 1997) or with a caffeine administration condition (Field et al. 2003) . These studies have also shown that the magnitude of this effect is positively correlated with daily caffeine dose before abstinence (Field et al. 2003; Mathew and Wilson 1985) .
Changes in quantitative electroencephalography (EEG) are also relevant to caffeine withdrawal and can provide quantitative measures of changes in central nervous system (CNS) electrical activity that have been correlated with drowsiness, a common symptom of caffeine withdrawal. It has been previously demonstrated that acute caffeine administration can produce a transient reduction of EEG total absolute power in healthy subjects (Saletu et al. 1987; Goldstein et al. 1963 ). Furthermore, two prior studies have shown caffeine abstinence to be significantly associated with increases in alpha and theta absolute power (Lader et al. 1996; Reeves et al. 1995) . These results have face validity as a measure of caffeine withdrawal because increased theta and decreased beta voltages are generally correlated, respectively, with increased drowsiness and decreased alertness-both common symptoms of caffeine withdrawal.
A prior study by our group sought to directly examine the effect of caffeine withdrawal on the CNS-relevant physiological variables of cerebral blood flow velocity and quantitative EEG (Jones et al. 2000) . In that double-blind, within-subject cross-over study, ten volunteers reporting daily caffeine intake (mean 333 mg/day) participated in test sessions in which they received acute caffeine and placebo administration under three conditions: (1) while consuming their usual diet (baseline period), (2) while consuming a caffeine-free diet and receiving placebo capsules, and (3) while consuming a caffeine-free diet and receiving capsules containing caffeine in an amount equal to their individual average daily caffeine consumption. In that study, cerebral blood flow velocity in the four of the cerebral arteries measured was significantly greater during the placebo (caffeine withdrawal) condition than the caffeine condition. Placebo administration also significantly increased EEG theta power and produced significant decreases in several subjective effects, including ability to concentrate, energy/ active, alert/attentive, vigor, and friendliness. Overall, these data provided additional evidence that cessation of daily caffeine consumption produces changes in cerebral blood flow velocity and quantitative EEG that are likely related to the classic caffeine withdrawal symptoms of headache, drowsiness, and decreased alertness.
While these studies suggest that cerebral blood flow and EEG may provide a physiological measure or correlate of caffeine withdrawal, all have suffered from important methodological limitations. The primary limitation is that none included a prolonged caffeine abstinence condition. Thus, the observed differences between the caffeine administration and caffeine withdrawal conditions may have been due to the direct effects of caffeine rather than to caffeine withdrawal. One aim of the present study was to evaluate the physiological bases of caffeine withdrawal and, more specifically, to extend the previous work investigating whether caffeine withdrawal affects cerebral blood flow velocity and quantitative EEG. This study used a withinsubject, counterbalanced design to evaluate the effects of 1-day caffeine and placebo challenges in the context of prolonged caffeine exposure (3 weeks chronic caffeine) and prolonged placebo exposure (3 weeks chronic placebo). As with the prior study (Jones et al. 2000) , transcranial Doppler sonography and quantitative EEG were used to assess cerebral blood flow velocity and brain electrical activity, respectively. By including a prolonged period of placebo exposure, this study enabled a more rigorous assessment of caffeine withdrawal than was possible in prior studies. Toward this end, it represents the strongest test to date of these neurophysiological changes underlying acute caffeine withdrawal.
In addition to investigating caffeine withdrawal, inclusion of the prolonged placebo condition in this study also permitted characterization of the acute and chronic effects of caffeine and the development of caffeine tolerance. With regard to acute caffeine effects, the study design allowed a test of the withdrawal-suppression hypothesis as the mechanism underlying acute caffeine effects. In particular, the validity of many studies claiming to demonstrate that acute caffeine administration increases performance and mood and decreases sleepiness has been questioned because the results have often been confounded by acute withdrawal effects Rogers et al. 2005; James and Rogers 2005; James and Keane 2007 ; but also see Haskell et al. 2005; Childs and de Wit 2006) . More specifically, a conclusion of the beneficial effects of acute caffeine administration derived from a comparison of the effects of administering placebo versus caffeine in regular caffeine users may be erroneous because caffeine abstinence during the placebo condition may have resulted in withdrawal symptoms and degraded performance. The difference from the caffeine condition may be simply due to the ability of that caffeine dose to alleviate or reverse the caffeine withdrawal effects (James 1998; James and Rogers 2005) . As a result, study designs that fail to sufficiently control for caffeine withdrawal may generate incorrect inferences about whether acute caffeine administration truly produces any direct positive effects or whether those effects are simply due to a reversal of acute withdrawal effects induced by acute caffeine abstinence. The rigorous methods used in the present study, including the prolonged placebo maintenance phase (i.e., 2-3 weeks) and confirmatory analyses of salivary caffeine to ensure compliance with dietary restrictions, allowed a careful test of acute caffeine effects. The design, which also permitted comparison of chronic caffeine maintenance with chronic placebo maintenance, provides information about the extent to which there are net beneficial effects of daily caffeine administration. Finally, with regard to tolerance, the study design permitted collecting novel data on complete and incomplete tolerance across a range of subjective and physiological measures.
Materials and methods

Participants
Participants were recruited through newspaper advertisements and notices on bulletin boards in the community. Applicants were screened for eligibility by telephone and then in person. The screening included a medical, psychiatric, dietary, and drug use history. Vital signs including blood pressure, heart rate, respiration, and body temperature were taken. Participants were eligible for inclusion in the study if they were 18 to 55 years old, within ±20% of ideal body weight, and consumed a minimum of 50 mg of caffeine daily (based on a 7-day food diary). Individuals were excluded if they reported a history of a significant psychiatric disorder (e.g., bipolar disorder, psychotic disorder, schizophrenia), had abnormal blood pressure or heart rate, had a physical condition contraindicating the consumption of caffeine, reported a history of seizures or head injury with loss of consciousness, reported using illicit drugs recently or currently taking any prescription medication except for oral contraceptives, and provided a urine sample at screening that tested positive for illicit drugs. Participants were told that the purpose of the study was to evaluate the effects of ingredients normally found in foods, beverages, and over-the-counter medications on mood and physiology. To divert attention away from caffeine, they were told that they could receive any of the following compounds in capsules: chlorogenic acids, diterpines, caffeine, tannin, theobromine, theophylline, diphenhydramine, or placebo (no drug). The research protocol was approved by the Institutional Review Boards at Johns Hopkins University School of Medicine and the National Institute on Drug Abuse. Each participant provided written informed consent for the study.
Sixteen volunteers (12 women and four men) completed the study; 13 were Caucasian, one was African American, one was Asian, and one was Hispanic. Participants were 36.3 years old (range, 24-54 years), had a mean of 16 years of education, and reported drinking a mean of 2.6 standard alcohol drinks per week (range, 0-11 drinks). They reported no recent use of illicit drugs; urine samples at screening tested negative for commonly used illicit substances. Participants reported consuming foods delivering a mean of 215 mg caffeine per day (range, 82-404 mg). One reported occasional tobacco smoking (mean = 5 cigarettes a week). This individual was required to refrain from smoking 8 h before each challenge session.
Study design
The 7-week outpatient study used a double-blind, withinsubject cross-over design to examine the effects of acute caffeine and placebo administration under conditions of caffeine maintenance (400 mg per day) and placebo maintenance (cf. Table 1 ). The 400-mg caffeine dose was chosen for the present study as it is in the range of those shown to produce changes in cerebral blood flow and EEG power in prior studies (Goldstein et al. 1963; Jones et al. 2000; Saletu et al. 1987) . Eight participants received the placebo maintenance phase first, after which they received the caffeine maintenance phase; eight received the caffeine maintenance phase first, after which they received the placebo maintenance phase. Each maintenance phase lasted approximately 21 days and involved twice-daily consumption of capsules containing either placebo or caffeine (described below).
Within each maintenance phase, subjects participated in two challenge sessions (a caffeine and a placebo challenge session). Order of challenge sessions was mixed within and across subjects. Participants were maintained on placebo or caffeine for a minimum of 14 days before the first challenge session. Each challenge session consisted of oral administration of either caffeine (200 mg b.i.d.) or placebo (b.i.d.), followed by collection of subjective and physiological measures (described below). Thus, there were a total of four challenge sessions from the two phases, with two challenges per phase: (1) In order to examine cerebral blood flow and EEG during chronic caffeine administration, one challenge session involved approximately 2 weeks of caffeine maintenance followed by a challenge day on which the participant received caffeine (caff/caff); (2) in order to examine the effects of acute caffeine withdrawal on these measures, a challenge session involved caffeine maintenance followed by a challenge day on which the participant received placebo (caff/plac); (3) in order to provide an assessment during chronic placebo administration, a challenge session involved placebo maintenance followed by a challenge day on which the participant received placebo (plac/plac); and (4) in order to examine the effects of acute caffeine administration on these measures, a fourth challenge session involved placebo maintenance followed by a challenge day on which the participant received caffeine (plac/caff).
Participants came to the laboratory three times per week throughout the study to provide saliva samples, complete subjective measures, and to take the afternoon capsule under the observation of the research staff. At each study visit, participants were required to bring with them their container of capsules so that research staff could count the remaining pills to monitor compliance with the capsule ingestion schedule. At one visit per week, participants received a new container of capsules for the upcoming week and returned the empty container. During the caffeine maintenance phase, they ingested a capsule containing 200 mg caffeine anhydrous twice daily, once between 8 and 9 A.M. and then again between 2 and 3 P.M., for a total daily caffeine dose of 400 mg. During the placebo maintenance phase, participants ingested a placebo capsule twice daily (8-9 A.M. and 2-3 P.M.). For the eight subjects who received the caffeine maintenance phase first, caffeine content in the daily capsules was gradually reduced during the first 3 days of the subsequent placebo maintenance phase to minimize caffeine withdrawal symptoms when switching from the caffeine to placebo maintenance condition.
Capsule preparation and administration
Caffeine capsules (200 mg per capsule; size 0, opaque hard gelatin) were prepared using powdered lactose and caffeine anhydrous (USP). Identical placebo capsules were weightmatched (±5%) and prepared using powdered lactose and quinine sulfate (approximately 4.5 mg). The quinine was added to equate taste between caffeine and placebo capsules in the event that subjects bit or opened the capsules to taste their contents (cf. Abreu and Griffiths 1996) .
Assessment of cerebral blood flow and EEG
Cerebral blood flow velocity was measured with participants sitting in a reclined position in a quiet room. The cerebral blood flow velocity was determined using a temporal window (zygomatic arch) for four arteries [right and left middle (MCA) cerebral arteries, right and left anterior (ACA) cerebral arteries] using pulsed transcranial Doppler sonography (Nicolet, Model TC2000). Mean velocity (V M : cm/s), systolic velocity (V S : cm/s), diastolic velocity (V D : cm/s), and pulsatility index [P I =(V S −V D )/V M ) were determined for each artery. The blood flow measurements were taken approximately 60 min after the afternoon capsule administration.
Following blood flow measurement, multi-channel EEG was collected during a resting recording session with eyes closed. EEG was recorded starting approximately 90 min after the afternoon capsule administration. Participants sat in a reclining chair in a sound-attenuated, electronically shielded chamber. A 3-min eyes-closed recording was obtained. The EEG was recorded from the following 16 International 10/20 scalp sites: Fp1, F3, C3, P3, O1, F7, T3, T5, Fp2, F4, C4, P4, O2, F8, T4, and T6. The EEG recording used the ear tips as a reference. Eye movement was recorded from above and to the side of the left eye. Silver/silver chloride electrodes were used at all locations. The EEG was amplified with Grass (model 7P511) amplifiers and processed with a 1-to 50-Hz halfamplitude band pass and notch filter at 60 Hz. The EEG was sampled at the rate of 104 samples per second per channel. Artifacts in the EEG were removed by computerassisted visual inspection by an operator blind to the test day and subject. EEG spectral power was determined using the fast Fourier transform using 256 points per epoch (Chamberlin 1985) and then averaging the spectra over epochs. After the average spectrum was calculated, power was divided into delta (0.4-3.9 Hz), theta (4.0-7.9 Hz), alpha1 (8.0-9.9 Hz), alpha2 (10.0-13.9 Hz), beta1 (14.0-24.9 Hz), and beta2 (25.0-40.0 Hz) EEG bands. Relative power (percentage) was also calculated for each band.
Assessment of subjective effects
The subjective effects measured included the Profile of Mood States (POMS), a 65-item questionnaire designed to assess mood states (McNair et al. 1971 ) and a 33-item subjective questionnaire, a portion of which was previously reported to be sensitive in measuring caffeine withdrawal (e.g., Griffiths et al. 1990; Jones et al. 2000) . Although questionnaires were completed at every study visit, only those from the four challenge sessions were used in data analyses. On challenge days, subjects completed the questionnaires approximately 20 min after the afternoon capsule and were instructed to respond based on how they felt at the time of assessment.
Dietary restrictions
As previously described, caffeine was restricted throughout the study. The dietary restrictions were described to subjects without reference to caffeine. The only beverages allowed were milk, fruit juices, and water; chocolate products were prohibited. To divert attention away from caffeine, items without caffeine were also restricted, including alcohol, coconut products, shellfish, and poppy seeds. The subjects were also instructed not to take any medications. At each study visit, subjects were asked about their dietary and medication intake since the last study visit, and a sample of saliva (6 ml) was collected to both assess and encourage volunteer compliance with dietary restrictions. Although compliance with dietary restrictions was verbally encouraged by research staff at laboratory visits, volunteers also were led to believe that any or all saliva samples would be tested for compliance. Salivary caffeine concentrations were analyzed for four samples from each participant by gas chromatography-thermionic specific detection (Labstat, Ontario, Canada) using methods previously described (Jacob et al. 1981; Griffiths and Woodson 1988) . Two of the samples were from the placebo maintenance phase. Specifically, one sample from the challenge day on which participants received a placebo challenge (plac/plac) and one sample from the visit prior to that challenge session were analyzed. These two samples provided an opportunity to confirm compliance with study dietary restrictions at a time point when little or no caffeine should have been ingested. Median caffeine concentration for these samples was 16 ng/ml, indicating that subjects were compliant with the caffeine restrictions during the placebo period. The other two samples were from the caffeine maintenance phase. Specifically, one sample from the challenge day on which participants received a placebo challenge during caffeine maintenance (caff/plac) and one sample from the visit immediately prior to that challenge session. These two samples provided the opportunity to observe a reduction in caffeine concentration between the 2 days that one would expect for this challenge session that seeks to produce caffeine withdrawal. Median caffeine concentration from the caffeine maintenance sessions was 2512 ng/ml, which decreased to 962 ng/ml following the placebo challenge. These concentrations are consistent with those from a previous report that showed a mean of 4420 ng/ml 3 h after 400 mg caffeine and a mean of 350 ng/ml after overnight abstinence (Griffiths and Woodson 1988) .
Data analysis
Cerebral blood flow A condition (caff/plac, caff/caff, plac/plac, plac/caff) by side (right vs. left) repeated measures analysis of variance was performed using SAS PROC MIXED on blood flow velocity measures. Because of equipment failure, cerebral blood flow data were missing in one condition from each of two subjects; however, the data from the other three conditions for these participants were included in these analyses. PROC MIXED was chosen because this analytical model is capable of modeling repeated measures designs with missing values. While there were several significant main effects of side, there were no significant condition × side interactions. Because side differences were not the primary focus of the present study, data were collapsed across side. Post hoc comparisons (Fisher's least significant difference) were conducted to compare the acute caffeine withdrawal condition to the other control conditions used in the study. These post hoc comparisons were limited to the variables showing significant effects of condition. More specifically, five post hoc tests were conducted, three comparing the caff/plac (acute abstinence) condition to each of the other three conditions (caff/caff, plac/plac, plac/caff). The fourth post hoc test compared the acute abstinence condition (caff/plac) to a combined control in which the means of the two chronic maintenance conditions (caff/caff and plac/plac) were combined. The fifth test compared the chronic caffeine to the chronic placebo condition. Adjustments for sphericity were done using Huynh-Feldt corrections.
Electroencephalography
For each band, relative EEG power (band power/total power) was calculated. A condition (caff/plac, caff/caff, plac/plac, plac/caff) by electrode (16 scalp sites) repeated measures analysis of variance (ANOVA) was performed on relative EEG power in each band. While there were several significant main effects of electrode, electrode differences were not the primary focus of the present study and data were collapsed across electrodes. As in the analyses with cerebral blood flow data, five post hoc tests for variables showing significant effects of condition were conducted, three comparing the caff/plac (acute abstinence) condition to each of the other three conditions (caff/caff, plac/plac, plac/caff). The fourth post hoc test compared the acute abstinence condition (caff/plac) to a control combining the two chronic maintenance conditions (caff/caff and plac/ plac), and the fifth compared the chronic caffeine to the chronic placebo condition. Adjustments for sphericity were done using Huynh-Feldt corrections. Subjective measures A single factor (drug condition) ANOVA was performed on the raw scores of each of the subjective measures using the planned post hoc comparisons described above. All statistical significance was indicated at P= 0.05. Adjustments for sphericity were done using Huynh-Feldt corrections.
Middle Cerebral Artery
Results
The design used in the present study allowed for the analysis of withdrawal effects, acute caffeine effects, caffeine tolerance, and chronic caffeine effects. It also permitted a comparison of these effects across the range of physiological and subjective measures.
Caffeine withdrawal effects
In interpreting the results presented below, it is helpful to consider that there are three types of comparisons between experimental conditions that can be used to characterize caffeine withdrawal. First, a significant difference between the acute abstinence (caff/plac) and chronic placebo maintenance (plac/plac) conditions provides a conservative test of caffeine withdrawal. Second, a difference between the acute abstinence (caff/plac) and chronic caffeine maintenance (caff/caff) conditions provides a test of naturalistic withdrawal. Third, a difference between the acute abstinence (caff/plac) and the combined chronic maintenance conditions (caff/caff, plac/plac) provides an overall test of withdrawal. Fig. 1, bottom panel) . Post hoc comparisons between drug conditions showed that for V M and V S , caff/plac was significantly greater (P≤0.05) than both caff/caff and plac/ caff as well as the two chronic maintenance conditions combined (caff/caff and plac/plac). For V D , caff/plac was significantly greater (P≤0.05) than each of the other three conditions. P I in the ACA was not significantly altered by drug condition.
Cerebral blood flow velocity
EEG power EEG power in two bands was significantly altered by the experimental conditions [theta: F(3,45)= 5.81, P=0.002; beta 2: F(3,45)=5.93, P=0.002]. EEG theta power was highest in the acute abstinence condition (caff/plac; Fig. 2, top panel) . Post hoc comparisons between drug conditions showed that for theta power, caff/plac was significantly greater (P<0.01) than each of the other three conditions as well as significantly the two chronic maintenance conditions combined (caff/caff and plac/plac).
EEG beta 2 power was numerically lowest in the acute abstinence condition (caff/plac) relative to the other drug conditions (Fig. 2, bottom panel) . Post hoc comparisons between drug conditions showed that for beta 2 power, caff/ plac was significantly lower (P≤0.01) than both caff/caff and plac/caff conditions. Subjective measures One variable on the subjective questionnaire was significantly altered by the experimental conditions [Tired: F(3,45)=3.78, P=0.017]. Ratings of Tired were highest in the acute abstinence condition (caff/ plac; Fig. 3, top left panel) . Post hoc comparisons between drug conditions showed that for ratings of Tired, caff/plac was significantly greater (P≤0.05) than both plac/plac and plac/caff as well as the two chronic maintenance conditions combined (caff/caff and plac/plac).
On the POMS, six items and two subscales were also significantly altered by the experimental conditions: ratings of Fatigue [F(3,45) Fig. 3 ). For ratings of Fatigue, post hoc comparisons between drug conditions showed that caff/plac was significantly greater (P≤0.05) than caff/caff and plac/caff as well as the two chronic maintenance conditions combined (caff/caff and plac/ plac). For ratings of Weary, caff/plac was significantly greater (P≤.05) than plac/plac and plac/caff. Ratings of Energetic were lowest in the acute abstinence condition (caff/plac; Fig. 3) , with post hoc comparisons showing that caff/plac was significantly lower (P≤0.05) than plac/ plac and plac/caff as well the two chronic maintenance conditions combined (caff/caff and plac/plac).
The other POMS items (i.e., Friendly, Lively, Sluggish) and scales (i.e., Vigor, Fatigue) showed the same general pattern of effect (i.e., maximum decreases for Friendly, Lively, and Vigor and maximum increases for Sluggish and Fatigue during the caff/plac condition). The only significant post hoc difference for these measures was between the caff/plac and plac/caff conditions (P≤0.03).
Cardiovascular measures Of the cardiovascular measures examined in the present study, only diastolic blood pressure was significantly altered by experimental conditions [F(3,45)=5.91, P=0.002] (69.4, 69.4, 71.3 and 74.4 for caff/caff, caff/plac, plac/plac and plac/caff, respectively). The only significant post hoc difference for this measure was between the caff/plac and plac/caff conditions (P=0.01).
Acute caffeine effects, chronic caffeine effects, and tolerance
In addition to caffeine withdrawal effects, the study design also provided information about the acute effects of caffeine, chronic effects of caffeine, and tolerance. Comparisons between specific sets of experimental conditions can be used to characterize these effects. More specifically, a difference between the plac/caff and plac/plac conditions provides a test of acute caffeine effects, and a difference between caff/caff and plac/plac provides a test of the chronic effects of caffeine. Tolerance can be defined as a difference between the plac/caff and caff/caff conditions, and for those variables that showed tolerance (i.e., differences between the plac/caff and caff/caff conditions), "complete tolerance" can be defined by the absence of a significant difference between the caff/caff and plac/plac conditions. These effects are presented in Table 2 that also, for comparative purposes, summarizes the previously presented withdrawal data. As shown in Table 2 , acute caffeine effects were demonstrated across a wide range of measures, including cerebral blood flow, EEG, and subjective effects. Such effects were shown for measures that showed withdrawal effects (Table 2 and Figs. 1, 2, and 3) as well as those that did not show withdrawal effects (Table 2 and Fig. 4) . In contrast to the wide range of measures showing acute caffeine effects, the effects of chronic caffeine maintenance were evident on only one measure (i.e., EEG beta 2 power). Evidence of tolerance was limited to subjective measures, with no evidence of tolerance or "complete tolerance" to any of the physiological measures. As with acute effects, tolerance was demonstrated with measures that did and did not show withdrawal (Table 2 and Figs. 3 and 4) .
Discussion
One aim of the present study was to evaluate some of the physiological bases of caffeine withdrawal and, more specifically, to extend the previous work investigating whether caffeine withdrawal affects cerebral blood flow velocity and quantitative EEG. While numerous studies have demonstrated the subjective effects of caffeine withdrawal, less is known about the neurophysiological changes that may accompany withdrawal-related mood alterations. Data from several studies have suggested that Other details are as in Fig. 1 caffeine withdrawal is associated with changes in cerebral blood flow and EEG activity (Cameron et al. 1990; Couturier et al. 1997; Mathew et al. 1983; Mathew and Wilson 1985; Reeves et al. 1995) , although these studies did not include the necessary controls (including a chronic placebo condition) to permit an unambiguous determination that the effects were due to caffeine withdrawal per se. Indeed, there have been relatively few studies with experimental designs sufficient to identify an unequivocal withdrawal symptom vs. suggestive withdrawal symptom (Juliano and Griffiths 2004 ). The present study sought to determine the specificity of measures of EEG and cerebral blood flow in assessing caffeine withdrawal using rigorous experimental methods. This study demonstrated physiological effects of caffeine withdrawal. Of the 21 dependent measures presented in Table 2 that had significant main effects in this study, a significant withdrawal effect was observed on 13 measures. Acute caffeine abstinence produced significant increases in blood flow velocity in both middle and anterior cerebral arteries and significant decreases in pulsatility index in the middle cerebral artery. These results are consistent with those of prior experimental studies (Mathew and Wilson 1985; Couturier et al. 1997; Jones et al. 2000; Field et al. 2003) and provide further evidence to support an underlying vascular mechanism of the common caffeine withdrawal symptom of headache. Acute caffeine abstinence also produced significant increases in EEG theta power and decreases in beta 2 power, which are associated, respectively, with the common caffeine withdrawal symptoms of increased drowsiness and decreased alertness. These physiological effects of caffeine withdrawal are consistent with those observed in prior studies (Couturier et al. 1997; Field et al. 2003; Jones et al. 2000; Lader et al. 1996; Mathew and Wilson 1985; Reeves et al. 1995) and extend those findings using a well-controlled experimental design. Finally, the changes in cerebral blood flow velocity and EEG were accompanied by significant changes in subjective effects, including increased ratings of Tired, Fatigue, Sluggish, and Weary and decreased ratings of Energetic, Friendly, Lively, and Vigor. These subjective effects are consistent with the previously reported profile of subjective effects commonly associated with caffeine withdrawal which have been demonstrated under a wide range of methodological conditions (Juliano and Griffiths 2004) .
In contrast to the present study that showed selective increases in EEG theta power during caffeine withdrawal, a recent well-controlled study by Keane et al. (2007) showed increased theta following both acute caffeine withdrawal and acute caffeine administration, leading the authors to suggest that any change in drug state, as compared to stable states of caffeine abstinence or use, may disrupt electrophysiological activity in the brain. Several differences in methodology between the two studies make interpretation of these differences challenging. For example, effects of caffeine in the Keane study were evident only during task performance and not during the sessions conducted with eyes closed, which was similar to the condition under which EEG was assessed in this study. Also, the present study used more lengthy caffeine and placebo maintenance phases than Keane et al. (≥2 vs. 1 week, respectively) , which reported changes in relative rather than absolute power and collapsed data across electrode sites rather than evaluate data from brain regions individually. Fig. 3 Effects of the four drug conditions (caff/caff, caff/plac, plac/plac, plac/caff) on subjective measures. Other details are as in Fig. 1 As noted above, in the present study, three types of comparisons between experimental conditions provided different tests of caffeine withdrawal. First, a significant difference between the acute abstinence (caff/plac) and chronic placebo maintenance (plac/plac) conditions provided the most stringent test of caffeine withdrawal. This conservative comparison could be used to ensure that any difference observed was not confounded by the direct effects of caffeine (Juliano and Griffiths 2004) . Of the 13 physiological and subjective effects that showed evidence of caffeine withdrawal (see Table 2 ), eight met this test of caffeine withdrawal and were evident in MCA blood flow velocity, EEG theta power, and several of the subjective ratings. Second, a significant difference between the acute abstinence (caff/plac) and chronic caffeine maintenance (caff/caff) conditions provided a less conservative test of withdrawal. While a theoretically less rigorous test of caffeine withdrawal, this comparison has good ecological validity as it resembles the naturalistic pattern of caffeine consumption in the real world followed by abrupt abstinence (Juliano and Griffiths 2004) . Ten of the 13 variables met this definition of naturalistic withdrawal, which were evident on all cerebral blood flow measures, both theta and beta EEG measures, and with one of the subjective ratings (i.e., Fatigue). Finally, a difference between the acute abstinence (caff/plac) and the combined chronic maintenance conditions (caff/caff, plac/plac) served as an overall test of withdrawal. Only one of the 13 variables (i.e., EEG beta) failed to meet this test of withdrawal.
In the present study, we also sought to characterize physiological measures of acute and chronic caffeine administration and caffeine tolerance. In terms of acute effects, a significant difference between the plac/caff and plac/plac conditions was used as the test for acute caffeine effects. Data from this study demonstrated acute caffeine effects across a wide range of measures, including cerebral blood flow, EEG, and subjective effects. Of the 21 dependent measures presented in Table 2 with significant main effects, evidence of a significant acute caffeine effect was evident on 14 measures. These effects on subjective measures are consistent with previous observations in non-tolerant individuals (Evans and Griffiths (1992) . The finding that acute caffeine increases EEG beta is novel. Prior studies that did not control for caffeine tolerance and withdrawal have produced generally mixed results (cf. Introduction to Keane et al. 2007 ). However, the single study which did incorporate these controls, albeit with the methodological differences noted previously, did not show such effects ). Overall, the robust effects of acute caffeine administration demonstrated in the present study are contrary to the idea that withdrawal reversal entirely accounts for the acute effects of caffeine (cf. James and Rogers 2005) .
The effects of chronic caffeine maintenance were defined as a significant difference between the caff/caff and plac/plac conditions. This effect was only observed only on the single measure of EEG relative beta 2 power. These results are generally consistent with those from a prior study by our group in which during chronic dosing, participant ratings on mood and subjective effects did not differ significantly between chronic caffeine administration of 900 mg per day and chronic placebo administration (Evans and Griffiths 1992) . This was replicated in the present study using a daily caffeine dose (i.e., 400 mg) that more closely approximates typical dietary caffeine doses consumed habitually. Overall, the failure to demonstrate robust effects of chronic caffeine administration is consistent with previous evidence suggesting that there may be no net beneficial effects from habitual caffeine administration (Rogers and Dernoncourt 1998; James and Rogers 2005; .
Caffeine tolerance was defined as a significant difference between the plac/caff and caff/caff conditions. Of the 21 dependent measures that had significant main effects, eight showed evidence of tolerance. "Complete tolerance" was defined by the absence of a significant difference between the caff/caff and plac/plac conditions and was observed on seven of these eight measures. These data are consistent with the larger literature demonstrating the development of caffeine tolerance in humans, although a full parametric investigation of tolerance has not been done (Evans and Griffiths 1992; Griffiths and Mumford 1996) . In the present study, and under rigorous conditions, we demonstrated "complete tolerance" to most of the subjective effects of caffeine. Interestingly, there was no evidence of tolerance on the physiological measures. These data suggest that despite evidence of caffeine withdrawal, full tolerance to the physiological effects of acute caffeine administration may not occur. This finding is consistent with other studies 
Subjective Rating
Caff/Caff Caff/Plac Plac/Plac Plac/Caff a b Fig. 4 Effects of the four drug conditions (caff/caff, caff/plac, plac/ plac, plac/caff) on two illustrative subjective measures that did not show withdrawal effects but did show acute caffeine effects and tolerance to caffeine. Brackets indicate significant effects. Acute caffeine effects were demonstrated by a significant difference between the plac/caff and plac/plac conditions (a). Tolerance was demonstrated by a significant difference between the plac/caff and caff/caff conditions (b) suggesting that incomplete tolerance develops to caffeineproduced increases in blood pressure, which is another common physiological effect of caffeine (Denaro et al. 1991; James 1994 James , 1996 Robertson et al. 1981) . In a more recent randomized, double-blind study by Lovallo et al. (2004) , daily caffeine consumption failed to completely eliminate the increases in blood pressure following caffeine challenge.
The differential pattern of effects of caffeine withdrawal, acute effects, and tolerance seen across the various physiological and subjective measures evaluated in this study may also be of note. Specifically, caffeine withdrawal and acute effects were generally demonstrated across cerebral blood flow, EEG, and subjective measures, while demonstration of tolerance was limited to the subjective measures. Looking across Table 2 , these data emphasize the complexity of caffeine pharmacology profile by showing the different patterns across the various physiological and subjective effects. Considering that withdrawal and tolerance often are considered to reflect the same underlying physiological neurological adaptation, these data present an interesting case where a number of physiological measures for which withdrawal is clearly shown exhibit no evidence of tolerance. It may be the case that there is something mechanistically different between these types of physiological and subjective measures that may result in differential response to caffeine effects. Future research efforts to determine whether this occurs with other classes of drugs and with other measures with caffeine effects are warranted.
Several limitations of this study should be noted. Because the assessments on challenge days were conducted at a single time point approximately 24 h after the last active caffeine dose, no information was provided about the time course or peak effects. Multiple observations of each condition within each subject could have provided more power than the single observation. Furthermore, for the assessment of acute abstinence (i.e., placebo challenge during caffeine maintenance), this timing may have underestimated the magnitude of withdrawal effect because prior studies show that peak intensity can vary between 20 and 51 h after abstinence (Juliano and Griffiths 2004) .
The findings from the present study also highlight the need for additional research in several different areas. A single 400-mg (200 mg b.i.d.) dose of caffeine was used for both maintenance and challenge days. It would be important to explore whether higher and lower doses may produce different results. It has been well established that the incidence or severity of caffeine withdrawal is proportional to the caffeine maintenance dose, so it is reasonable to expect that a higher chronic dose of caffeine may have produced more robust physiological and subjective withdrawal effects (Evans and Griffiths 1999; Juliano and Griffiths 2004) . Also, the inclusion of such a prolonged placebo maintenance period (e.g., 2-3 weeks) permitted a rigorous assessment of caffeine withdrawal and helped to ensure that caffeine withdrawal had fully subsided by the time of the acute caffeine challenge was conducted in the plac/caff condition. That said, caffeine abstinence periods of longer or shorter durations may produce different effects. Finally, the duration of caffeine maintenance has been shown to be an important potential parameter in determining withdrawal effects (Evans and Griffiths 1999; Juliano and Griffiths 2004) . The duration of caffeine maintenance in this study was modest (i.e., 2-3 weeks), but it would be of particular interest to evaluate the potential lower limit of the duration necessary to produce subjective and physiological withdrawal effects.
In summary, the present study demonstrated using rigorous experimental methods that acute caffeine abstinence produces orderly changes in cerebral blood flow and EEG activity. These data provide further support for the underlying neurophysiological mechanisms of the classic subjective caffeine withdrawal symptoms and provide the strongest demonstration to date of the physiological effects of caffeine withdrawal. The study also demonstrated robust acute effects of caffeine unconfounded by caffeine withdrawal, but no evidence for net beneficial effects of daily caffeine administration. Additional research will be needed to further improve our understanding of the mechanisms involved in caffeine administration and abstinence effects.
